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Summary
Primary cilia are microtubule-based sensory organelles
whose structures and functionsmust be actively maintained
throughout animal lifespan to support signal transduction
pathways essential for development and physiological pro-
cesses such as vision and olfaction [1]. Remarkably, few
cellular components aside from the intraflagellar transport
(IFT) machinery are implicated in ciliary maintenance [2].
Rootletin, an evolutionarily conserved protein found as
prominent striated rootlets or a nonfilamentous form, both
of which are associated with cilium-anchoring basal bodies,
represents a likely candidate given its well-known role in
preventing ciliary photoreceptor degeneration in a mouse
model [3, 4]. Whether rootletin is universally required for
maintaining ciliary integrity, and if so, by what mechanism,
remains unresolved. Here, we demonstrate that the gene dis-
rupted in the previously isolated C. elegans chemosensory
mutant che-10 encodes a rootletin ortholog that localizes
proximally and distally to basal bodies of cilia harboring or
lacking conspicuous rootlets. In vivo analyses reveal that
CHE-10/rootletin maintains ciliary integrity partly by modu-
lating the assembly, motility, and flux of IFT particles, which
are critical for axoneme length control. Surprisingly, CHE-
10/rootletin is also essential for stabilizing ciliary transition
zones and basal bodies, roles not ascribed to IFT. Unifying
these findings, we provide evidence that the underlying
molecular defects in the che-10mutant stem from disrupted
organization/function of the periciliary membrane, affecting
the efficient delivery of basal body-associated and ciliary
components and resulting in cilium degeneration. Together,
our cloning and functional analyses of C. elegans che-10
provide the first mechanistic insights into how filamentous
and nonfilamentous forms of rootletin play essential roles
in maintaining ciliary function in metazoans.
Results
The C. elegans Rootletin Ortholog, CHE-10, Localizes
at the Proximal and Distal Ends of Basal Bodies
To enlighten the process of cilium formation and/or main-
tenance, we sought to analyze the molecular function of the
che-10 gene, which encodes an w230 kDa rootletin ortholog
(Figure 1A; see also Figure S1A available online). Using trans-
mission electron microscopy (TEM), Perkins et al. showed
that the che-10(e1809) chemosensory mutant lacked most*Correspondence: leroux@sfu.caamphid (head) cilia and the cytoskeleton-like structure,
striated rootlets [5]. Another allele, dyf-14(ks69), was later
found to possess ciliary defects identifiable via a protein
marker for intraflagellar transport (IFT) [6, 7], a process that
mobilizes ciliary precursors from the base of cilia to the
growing end of the ciliary axoneme [8, 9].
We identified a nonsense mutation in che-10(e1809) and
confirmed that it lacks the CHE-10 protein (Figures 1A and
S1A). Notably, our finding agrees with loss of striated rootlets
from this mutant [5]. Like dyf-14(ks69) [6], we show that
che-10(e1809) and a third allele, m525 [10], exhibit chemo-
sensory (osm) and dye-filling (dyf) anomalies, consistent with
structurally impaired cilia (Figures 1B and S1B–S1D). Wild-
type worms incorporate dye (through intact, environmentally
exposed cilia) in twelve amphid and four phasmid (tail) neu-
rons, but che-10(e1809) mutants uptake dye in only two
to four amphid and no phasmid neurons (Figure S1C). As
che-10(e1809) mutants develop, fewer sensory neurons dye
fill; whereas all L1 larvae incorporate dye in two to four amphid
neurons, only 20% L4 larvae and no adults dye fill (Figure 1B).
Importantly, a fosmid harboring wild-type che-10 rescues the
chemosensory and dye-filling defects (Figures S1B and
S1C). Together, these findings confirm that che-10 ciliary de-
fects result from disrupting rootletin, with the progressively
penetrant dyf phenotype suggesting that cilia degenerate
over time.
Given that striated rootlets in C. elegans hermaphrodites
exist in only three ciliated neuron types (IL1, OLQ, and BAG),
we were surprised that abrogating CHE-10/rootletin affects
nearly all ciliated cells [5]. Intriguingly, an electron-dense
‘‘amorphous root’’ near basal body (BB)-associated transition
fibers was reported, but its significance was unexplored [5].
We therefore queried whether CHE-10 functions at the base
of all cilia, irrespective of their association with rootlets.
Indeed, full-length GFP-tagged CHE-10 localizes at proximal
ends of all BBs, which are marked (together with ciliary axo-
nemes) by the IFT protein XBX-1 (Figure 1C). Interestingly,
CHE-10 is also present at the proximalmost (transition zone
[TZ]) region of the axoneme, a novel observation potentially
relevant to the ciliary degeneration phenotype (see below).
Our findings are the first demonstration—in any organism—
that rootletin influences the integrity of cilia without prominent
rootlets. This may be relevant to mammalian cilia, because
many cell types, including olfactory neurons resembling
C. elegans chemosensory neurons, lack discernible rootlets
but possess rootletin puncta/accumulations near their basal
bodies [4, 11]. Surprisingly, however, neurons whose striated
rootlets are lost in the C. elegans che-10 mutant possess
seemingly intact cilia through to adulthood [5]. Based on
experimental results presented in a later section, we suspect
that these cilia do degenerate, albeit more slowly.
Maintenance of Ciliary Structure during Development
Requires CHE-10/Rootletin
To confirm our hypothesis that che-10mutant cilia degenerate
rather than fail to form, we observed the GFP-tagged IFT
kinesin OSM-3 throughout development (Figure 1D). In
che-10 mutants, w20% of L2/L3 larvae, and no L4 larvae or
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Figure 1. C. elegans che-10 Encodes a Rootletin Ortholog that Localizes Proximally to Basal Bodies and within the Transition Zone and Is Required for
Ciliary Maintenance during Development
(A) Genomic structure of che-10, domain structure of the protein, and position of the e1809 allele (Gln371-to-stop nonsense mutation). See also Figure S1A.
(B) Fluorescent dye filling of two to four ciliated neurons is progressively lost from che-10 L1 larvae to adults, consistent with cilia structure defects. Fisher’s
exact test for significance, p < 0.01. Error bars represent 95% confidence intervals (Clopper-Pearson method for binomial data). See also Figures S1C
and S1D.
(C) CHE-10 localizes at the basal body (BB) proximal ends and within transition zone (TZ) regions. CHE-10::GFP is shown together with XBX-1::tdTomato,
which marks BBs and transition fibers (TFs). Schematics show relative positions of the proteins with respect to cilia, BBs/TFs, TZs, and axonemes in head
(amphid) and tail (phasmid) neurons. Scale bar represents 5 mm.
(D) Amphid cilia, marked by OSM-3::GFP, are present and display IFT in che-10 L1 larvae but are absent in adults and show no discernible BBs or OSM-3
within cilia. Scale bar represents 5 mm.
(E) Quantitation of OSM-3::GFP in amphid channel cilia throughout development. Approximately 70% L1 larvae have cilia displaying IFT, whereas only
w20% L2/L3 and no L4 larvae exhibit IFT. Fisher’s exact test for significance, p < 0.01. Error bars represent 95% confidence intervals (Clopper-Pearson
method for binomial data).
(F) Ultrastructure of amphid pore in che-10mutants. Shown are representative TEM images from serial cross-sections taken from L2 larval and young adult
stages. Boxed number denotes proximal position of section (in mm) relative to the first section in the series. Dashed outlines denote ‘‘ghost axonemes,’’
presumably representing degenerated cilia. Scale bars represent 200 nm.
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2017adults, have amphid cilia (Figure 1E). In contrast, w70% of
che-10 L1 larvae possess amphid cilia, and occasionally
phasmid cilia are visible; furthermore, OSM-3 accumulations
at dendritic tips are rarely observed, and IFT is grossly wild-type (Figures 1D and 1E; Movie S1). This demonstrates that
ciliogenesis occurs in che-10 mutants, although by the L1
stage, amphid cilia are shorter, causing a dye-fill defect
(Figure 1B).
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Figure 2. CHE-10/Rootletin Is Required for Normal Intraflagellar Transport
(A) ADL doublet cilia degenerate during development. Representative images are shown ofwild-type ADLdoublet cilia (all have two) and che-10ADLdoublet
cilia (zero to two are observed) marked by BBS-7::GFP. Scale bar represents 5 mm. See also Figure S1E.
(B) Quantitation of ADL cilia number throughout development. In che-10 mutants, more worms in early development have both doublet cilia (w60%) as
compared to L4 larvae (w20%) and adults (none). Fisher’s exact test for significance, p < 0.01. See also Figure S1F.
(C) che-10mutants possess short cilia that fail to exhibit IFT. BBS-7::GFP expressed in ADL neurons localizes to BBs and ciliary axonemes. IFT in wild-type
middle segments (MSs) and distal segments (DSs) is shown as kymographs. che-10 ADL cilia range from short (left panel) and devoid of IFT to wild-type
length (right panel); longer che-10 cilia display IFT, whereas shorter cilia do not and have accumulations (*) at the tip. Scale bar represents 5 mm. See
also Figure S1G.
(D) Quantitation of ciliary length and presence/absence of BBS-7::GFP IFT in che-10mutants. che-10 cilia < 5 mm in length lack IFT, whereas cilia > 5 mmand
closer to wild-type length display IFT, as revealed by kymograph analysis. Student’s t test for significance, p < 0.01. See also Figure S1G.
(E) Quantitation of IFT flux in che-10mutants compared to wild-type. Graph reveals a statistically significant reduction in anterograde IFT particle flux in ADL
cilia of che-10worms (w20–25 particles/doublet cilium3min) compared to wild-type (w35). Student’s t test for significance, p < 0.01. See also Figure S2B.
(F) Representative kymographs of BBS-7::GFP undergoing IFT in ADL cilia. Wild-type larvae exhibit smooth anterograde and retrograde transport. che-10
mutant kymograph shows unstable movements, including stalling (arrowhead) and stopping (arrows).
(G) Defect in kinesin II subunit (KLP-20) ciliary entry in che-10 mutant. Approximately 90% of wild-type L2 and L3 larvae show KLP-20 undergoing IFT in
the MS, whereas only w20% of che-10 L2 larvae and no L3 larvae incorporate kinesin II within cilia. Fisher’s exact test for significance, p < 0.01. Error
bars represent 95% confidence intervals (Clopper-Pearson method for binomial data). BB, basal body. Scale bar represents 5 mm.
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2018Our TEM analyses of amphid cilia support this observation.
che-10 mutant L2 larvae display four to five grossly intact
axonemes, and frequently the ciliary subcompartments (TZ,
middle segments, and distal segments [MSs and DSs, respec-
tively]) are intact (Figure 1F; Table S1). In contrast, che-10
young adults possess only one or two seemingly intact
axonemes (potentially ADF/ADL double-rod cilia), with some
amphid pores devoid of ciliary structures (Figure 1F; Table
S1; see also [5] for adult TEMs). In L2 larvae and adults, elec-
tron-dense ‘‘ghost’’ structures suggestive of microtubules,likely representing degenerating axonemes, are visible (Fig-
ure 1F; Table S1).
To study the degeneration process, we examined ADL cilia,
whose neurons incorporate dye presumably through intact
cilia (Figure S1E). GFP-tagged IFT markers (BBS-7, IFT-20,
and dynein subunit XBX-1/DLIC) were introduced in ADL
neurons (Figures 2A and S1F). In all cases, both ADL doublet
cilia were more prevalent in che-10 L2 larvae (w65%)
compared to adults (0%) (Figures 2A and S1F), consistent
with reduced ADL dye fill during development. Furthermore,
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Figure 3. CHE-10/Rootletin Maintains the Integrity of the Transition Zone
and Basal Body/Transition Fibers
(A) Structural integrity of the ciliary base throughout development. See also
Figure S2C. Scale bar represents 5 mm.
(Ai) The TZ is marked by MKS-2::GFP, and the IFT comarker XBX-1::
tdTomato marks the BB/TFs and cilia. In che-10 mutants, MKS-2 localizes
to the TZ until L3 larvae. In L4 larva, the TZ markers are absent, indicating
TZ degeneration. Scale bar represents 5 mm.
(Aii) BB/TFs are marked by GASR-8::GFP, and XBX-1::tdTomato marks BB/
cilia. GASR-8 localizes to BB/TFs in che-10 mutants until L4 larvae but is
absent in adults, consistent with BB/TF degeneration. Scale bar represents
5 mm.
(B) Ultrastructure of TZ compartment in amphid channel cilia of che-10
mutants. Shown are representative TEM images from serial cross-
sections taken from L2 larval and young adult stages. Boxed number
denotes proximal position of section (in mm) relative to the first sec-
tion. Arrow indicates apical ring; closed black arrowhead indicates
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2019compared to wild-type worms, whose cilia are 6–9 mm long,
che-10 mutant cilia are highly variable in length, from essen-
tially wild-type to very short cilia (w2–9 mm) (Figure S1G).
Hence, cilia lacking striated rootlets progressively degen-
erate in worms lacking CHE-10/rootletin, similar to the slow
ciliary photoreceptor degeneration phenotype observed for
the mouse rootletin knockout [12]. But what is the molecular
basis of this defect? Rootletin binds kinesin light chain 3
(KLC3) [13], suggesting that it acts as a docking site for
cilium-targeted vesicular trafficking. It also interacts with the
exocytosis machinery components SNAP-25, secretagogin,
and ARFGAP2 [14], hinting that it may assist vesicle fusion/
docking at the periciliary membrane. Finally, rootletin binds
and may help organize the actin cytoskeleton at the ciliary
base [12]; because actin also interacts with the exocyst com-
plex and facilitates vesicle fusion with the apical membrane
[15], such a function may be critical for delivering ciliary cargo
at the periciliary membrane.
CHE-10/Rootletin Regulates Intraflagellar Transport
To test our hypothesis that CHE-10/rootletin may affect ‘‘late’’
stages of ciliary protein delivery, we first focused on the IFT
machinery, which is trafficked to the ciliary base and repre-
sents a key contributor to cilium length control and mainte-
nance [2]. We wondered whether variable ADL cilia lengths
observed in che-10 mutants (Figure S1G) correlate with IFT
dysfunction. Strikingly, time-lapse imaging and kymograph
analyses revealed that only che-10 ADL cilia > 5 mm in length
undergo IFT (Figures 2C and 2D; Movies S2, S3, and S4).
This suggested that CHE-10 maintains ciliary integrity at least
partly by modulating IFT. To test this, we compared velocity
profiles of IFT-associated BBS-7 in wild-type and che-10
ADL cilia (Figure S2A). Anterograde IFT particles normally
move at w0.7 mm/s in ciliary MSs, consistent with kinesin II
and OSM-3-kinesin motors working in coordination, and
w1.2 mm/s in DSs, with OSM-3 operating alone (Figure S2A;
Movie S2) [16, 17]. In contrast, as che-10 animals develop,
the MS exhibits progressively more faster-moving BBS-7 par-
ticles, whereas the DS displays an increase in slower-moving
particles: the overlap between MS/DS velocities observed
in che-10 mutants is similar to wild-type (31% versus 40%)
in L2 larvae but increases (94%) in L4 larvae (Figure S2A).
che-10 mutants also exhibit decreased IFT particle flux
(w20–25 particles/min compared to w35 in wild-type) (Fig-
ure 2E) and erratic IFT, including stalling and stopping
(Figure 2F). Notably, wild-type and che-10 worms display a
correlation between cilium length and IFT particle flux, unlike
that reported in Chlamydomonas [18]. However, reduced flux
in che-10mutants is apparent in cilia of wild-type length, sug-
gesting reduced IFT particle delivery independent of cilium
length (Figure S2B). Hence, CHE-10/rootletin is required for
wild-type IFT behavior/function, and our results suggest an
influence on motor coordination/function, perhaps via IFT
particle delivery and/or assembly at the ciliary base (periciliary
membrane).
We next examined the transport kinetics of the ciliarymotors
KLP-20 (kinesin II subunit) and XBX-1/DLIC (IFT-dynein sub-
unit) in ADL neurons. Similar to OSM-3-kinesin (Figure 1D),
XBX-1 enters ADL cilia and undergoes IFT (data not shown;Y links; open arrowhead indicates inner microtubules; closed white
arrows indicate microtubule doublets. Scale bars represent 100 nm. See
also Table S1.
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Figure 4. CHE-10 Regulates the Organization and Function of the Periciliary
Membrane Compartment
(A) The PCMC is marked by TRAM-1::tdTomato, and MKS-2 marks the TZ.
Unlike wild-type worms, TRAM-1 does not localize to the periciliary mem-
brane compartment (PCMC) in che-10 L2 larvae. Scale bar represents
5 mm. See also Figure S2C.
(B) ODR-10, SRBC-66, and RAB-5 show altered localization at the PCMC in
L2 larvae of che-10 mutants compared to wild-type. ODR-10::GFP and
SRBC-66::GFP localize to a smaller PCMC area and show accumulations
proximal to it (denoted by **); RAB-5::GFP shows more concentrated local-
ization to the PCMC and reduced signal within cilia. TZ, transition zone.
Scale bar represents 5 mm.
(Ci and Cii) Quantification of area occupied by proteins within the PCMC
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2020Figure S1F). Remarkably, KLP-20 entry is severely compro-
mised in che-10 mutants (Figure 2G). Although KLP-20 un-
dergoes IFT in w90% wild-type L2/L3 larvae, significantly
fewer (w20%) L2 and no L3 larvae showed KLP-20 in ADL cilia
MSs of che-10 mutants (Figure 2G). Because it is not incor-
porated into IFT trains, we hypothesize that KLP-20 may not
be delivered to or assembled at the periciliary membrane,
proximal to IFT docking sites (transition fibers). Progressive
loss of kinesin II function partly explains the IFT anomalies of
che-10 cilia; other changes (e.g., assembly defects) in IFT
machinery may collectively explain other phenotypes (velocity
changes, stalling, and stopping). Thus, CHE-10/rootletin
is required for the proper assembly and function of the IFT
machinery, and we correlate defects in this process with
axonemal degeneration.
Transition Zone and Basal Body Integrity Depend
on CHE-10/Rootletin
To further dissect the role of CHE-10/rootletin on cilium main-
tenance, we monitored the integrity of the TZ and BB during
development. Two well-established TZ markers, NPHP-1 and
MKS-2, appeared intact in early larval stages (L2/L3) but
were lost by the L4 stage (Figures 3Ai and S2Ci; data not
shown for NPHP-1). This finding may be relevant to CHE-10
localization at both BBs and TZs (Figure 1C). TEM analyses
confirmed that amphid channel pores in che-10 L2 larvae
have grossly intact TZs; in contrast, TZswere lacking in several
pores in young adult che-10 worms (Figure 3B; Table S1).
To assess BB integrity, we employed GASR-8 (Gas8 ortho-
log) as a marker, as it localizes specifically to BBs/TFs in
C. elegans (Figures 3Aii and S2Cii; V.L. Jensen, personal
communication). In che-10mutants, GASR-8::GFP is enriched
at BBs until the L4 larval stage but lost in adults. Significantly,
progressive disruption of TZ-BB structures in che-10 mutants
is not observed in IFTmutants, whereinmost of the axoneme is
not built [5, 19]. Thus, over time, disrupting CHE-10/rootletin
has a surprisingly greater impact on BB-ciliary integrity than
abrogating IFT—implying that defective IFT is unlikely to be
the primary molecular defect in che-10 animals.
CHE-10/Rootletin Maintains Periciliary Membrane Integrity
Given that TZs and BBs degenerate in che-10 mutants, we
hypothesized that the integrity of the periciliary membrane
compartment (PCMC)—which makes connections to the BB
via TFs and is the site of IFT particle docking and assembly
[20]—is likely compromised, leading to inefficient delivery
of ciliary components, including TZ, BB, and IFT proteins.
To test this hypothesis, we employed TRAM-1, a PCMC
marker [19, 20]. TRAM-1 exists at the ciliary base of wild-
type worms throughout development but remarkably is
largely lost in L2 larvae (when TZs and BBs are still intact)
and absent from L4/adult stages in che-10 mutants (Figures
4A and S2Ciii).area in an AWB neuron,marked byODR-10 (Ci), and an ASK neuron,marked
by SRBC-66 (Cii). che-10 L2 larva mutants show a smaller area of protein
localization at the PCMC in AWB and ASK neurons compared to wild-
type. Student’s t test for significance, p < 0.01.
(D) Ultrastructure of PCMC in amphid channel cilia of wild-type and che-10
animals. Shown are representative TEM images from serial cross-sections
taken from L2 larval and young adult stages. Boxed number denotes prox-
imal position of section (in mm) relative to the first section in the series.
Arrows indicate membranous accumulation. Scale bars represent 200 nm.
See also Table S1.
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2021To provide additional evidence for PCMC disruption in
che-10 mutants, we examined two GPCRs, ODR-10 and
SRBC-66, which localize at PCMCs and cilia of wild-type
AWB and ASK neurons, respectively [20]. Similar to ADL cilia
(Figure 2C), AWB cilia are largely intact in che-10 L2 mutants
(Figure 4B). However, the PCMC area marked by ODR-10::
GFP is significantly smaller compared to wild-type (Figures
4B and 4Ci). In addition, ODR-10::GFP shows prominent,
abnormal posterior accumulations along dendrites (Figure 4B).
Analysis of SRBC-66::GFP in che-10 L2 mutants reveals
shorter, degenerating ASK neuron cilia and phenotypes similar
to AWB neurons: a smaller PCMC area and posterior accu-
mulations (Figures 4B and 4Cii). We also assessed the
localization of the PCMC/cilia-localized RAB-5 endocytic
protein [20]. In che-10 mutants, RAB-5 shows reduced ciliary
localization and increased PCMC accumulation (Figure 4B).
Finally, to examine PCMC ultrastructure defects, we examined
cross-sections of amphid channel neurons of L2 and young
adult che-10 mutants by TEM as described previously [20].
A significant fraction (14%–28%) of PCMCs exhibit accu-
mulations of membranous or electron-dense material not
observed in wild-type worms (Figure 4D; Table S1).
Together, our fluorescent marker and TEM studies reveal
marked changes in PCMC structure and organization in cells
lacking CHE-10/rootletin. On this basis, we propose that the
correct delivery, function, and/or assembly of BB-ciliary com-
ponents is impaired, eventually leading to the progressive loss
of IFT function and degeneration of the axoneme, TZ, and BB.
CHE-10/Rootletin Is Required in Neurons with Striated
Rootlets for Avoidance of CO2
Because CHE-10/rootletin is critical for maintaining amphid
and phasmid cilia lacking striated rootlets, we wondered
whether it supports IL1/OLQ/BAG cilia that possess striated
rootlets. Although these cilia are seemingly intact in che-
10(e1809) adults ([5]; data not shown), we hypothesized that
they might be functionally impaired.
We used an automated worm tracker [21] to assay acute
CO2 avoidance as a readout of rootlet-containing BAG cilia
functionality [22]. As expected, wild-type worms react to CO2
by ceasing forward movement and performing a burst of turns
[23, 24] (Figures S3Ai and S3B), and gcy-9mutants, which lack
the receptor-type guanylate cyclase essential for CO2 sensa-
tion [25], do not (Figures S3Ai and S3B). Next, we tested CO2
responsiveness of an IFT mutant, osm-5 (IFT88 ortholog),
which lacks cilia. Although osm-5 animals respond to CO2
(Figures S3Ai and S3B), response duration is significantly
longer (Figure S3Aii), suggesting that IFT/cilia regulate this
aspect of the response. Interestingly, similar to osm-5 mu-
tants, che-10 mutants avoid CO2 (Figures S3Aiii and S3C)
and have a significantly prolonged response duration (Fig-
ure S3Aiv). Thus, although BAG cilia (which normally have
rootlets) appear structurally intact in che-10 mutants, their
functionality is altered.
In sum, our studies reveal that changes in PCMC molecular
makeup, organization, and/or function—potentially caused by
anomalies in late stages of ciliary trafficking—may provide
a viable explanation for the observed IFT defects and pro-
gressive degeneration of the axoneme, TZ, and BB upon loss
of CHE-10/rootletin. The findings are significant, not only
because they provide insights into the general role of rootletin
in metazoans but also because they reveal a previously un-
known function of nonfilamentous forms of rootletin in ciliary
maintenance and function. Future experiments should helpclarify how rootletin—for example, by interacting with vesicle
trafficking and fusion components and/or the actin cytoskel-
eton—facilitates vesicular and ciliary trafficking and maintains
the integrity of the periciliary membrane, BB, and cilia.
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